Autofocus methods used in biomicroscopy are either based on the search of an optimal focus position -which requires suspending data collection during the optimization process -or on the continuous monitoring of the position of a fiducial plane -which may not coincide with the sample itself. Here, we introduce RAPID (Rapid Autofocus via Pupil-split Image phase Detection), a method for real-time image-based focus stabilization, applicable in all wide-field microscopy systems. We demonstrate that RAPID maintains high image quality in various settings, from in vivo fluorescence imaging to light-sheet microscopy. RAPID provides a universal autofocus solution for automated microscopy, and enables quantitative assays otherwise impossible in a standard microscope, such as 3D tracking of fast-moving organisms.
.
Since a large number of images (typically of the order of 10) have to be collected to establish the best focus, these techniques are not suitable for the correction of fast defocus events (e.g., when tracking living specimens in 3D), and in general significantly reduce system throughput. Conversely, in triangulation methods, the reflection of an oblique light beam from the sample coverslip is used to measure the position of the coverslip itself along the optical axis, which is then used to correct the sample position 7 . Although this approach provides real-time correction, it actually measures the position of the reflective surface and not that of the sample itself;
it is therefore impractical when these distances are not fixed (e.g., when the specimens are mounted on gel substrates) or when no reflective surface is present (as in LSM).
The real-time monitoring of the actual focal state of a sample can be achieved by using phase detection, an AF method largely used in photography 8 . The key idea behind this approach is that rays passing through distinct portions of the system pupil intersect the image plane at different lateral positions when the object is defocused (Fig. 1a) . By discriminating those two sub-bundles of light rays, the information of their mutual displacement can be used to determine the focal state of the image being acquired by the microscope. Albeit the phase detection principle has been occasionally employed in microscopy, previous implementations were designed around very specific applications, i.e. 3D single-molecule tracking 9 and whole-slide imaging 10 , preventing a more general use. Indeed, in the former case, the phase detection algorithm starts with the localization of single-molecule centroids, which is clearly inapplicable in other imaging contexts. By contrast, the system described in ref. 10 selects the portions of the pupil by using pinholes, thus preventing its use in low-light settings (Supplementary Note 2).
Here, we introduce RAPID (Rapid Autofocus via Pupil-split Image phase Detection), a phasedetection AF system applicable to all optical microscopy techniques that are based on wide-field detection, including bright-field (BF), epifluorescence (EF), and light-sheet illumination. Differently from other AF methods used in microscopy, this technique provide real-time image-based correction of defocus, and afford reliable operation even at very low light levels, regardless of the kind of samples imaged. We demonstrate RAPID in standard AF applications, as well as in biomicroscopy assays that are beyond the capacity of stateof-the-art methods.
Results

RAPID operation
RAPID physically separates rays passing through the two halves of the microscope pupil using a wedge plate, and rigidly aligns the two images produced by the two sub-bundles (Fig. 1b) . The quantitative relation between the lateral motion of RAPID images and defocus can be obtained by considering separately the two ray bundles originated from the two halves of the pupil ( Supplementary Fig. 2 ). Depending on the amount of defocus ∆ , the lateral displacement of the center of mass of ray bundles (with respect to the central ray) is given by:
where ± refers to the two different halves, NA is the numerical aperture of the microscope objective used, is the effective magnification in the image space of the RAPID system, and G is a geometric factor that is dependent on the shape of the pupil portion used and on the light distribution in the pupil. In the case of two perfect halves of a uniformly filled circular pupil, G is given by 4 3 ⁄ (the center of mass of half a unity circle); in general, G is of the order of unity. From Eq. (1), it turns out that the mutual distance d between the centers of mass of the two ray bundles is linearly dependent on defocus:
0 being the in-focus mutual distance and with = 2 • • NA • .
The above analysis has been derived assuming a single point source. However, since modern microscopes are usually telecentric, such analysis is valid for all the points in the field of view (and in particular G is constant throughout the field of view). Therefore, Eq. (2) provides also the mutual displacement of the two bidimensional images produced onto the RAPID auxiliary camera. As far as the system is perfectly telecentric and spatially homogeneous (i.e. neglecting vignetting and distortion), the mutual displacement between the two images is perfectly rigid (Fig. 1c and Supplementary Video 1).
We experimentally verified the relation between d and ∆ , obtaining d by means of cross-correlation (see Methods and Supplementary Methods). Lateral shift between pupil-split images was found to be linearly dependent on defocus in a variety of illumination conditions, objective magnification and NA (Fig. 1d , Supplementary Figs . [3] [4] [5] . Exploiting this linear behavior, it is possible to infer the focal state of the system from d by inverting eq. (2), and use this information to keep the system focused using a simple feedback loop.
The RAPID system can be inserted in any existing microscope by simply adding a beam splitter after the detection objective (Fig. 1b) . In this way, using only a small fraction of the detected light (typically 10%, obtained with off-the-shelf beam splitters), RAPID provides instantaneous readouts of the focal state of the system while continuously collecting images with the main camera. Because focus discrimination is reduced to a well-studied computational problem, i.e., image registration, RAPID can capitalize on several established Table 1) .
RAPID autofocusing in whole-slide imaging
To evaluate the flexibility of RAPID, we performed a series of experiments, starting with a standard AF application in optical microscopy: whole-slide histological imaging. In this test, we imaged samples of an atherosclerotic human carotid and human keloid under BF illumination. Unevenness of the mounting slide and XY translation stage can introduce severe defocus when imaging millimeter-or centimeter-sized slides 1 .
RAPID provided fast correction of specimen-and system-induced defocus across a large range (several tens of microns), guaranteeing high-contrast imaging in the entire slide without increasing the acquisition time ( Fig.   2 ).
RAPID focus stabilization in long-term imaging of cell cultures
To examine the stability of RAPID operation over time, we tested the system in another application that commonly employs AF: long-term in vivo imaging of a cell culture. We observed a culture of S. cerevisiae for more than 12 h in a BF configuration (Fig. 3a , Supplementary Video 2) and confirmed that RAPID maintained image sharpness throughout the imaging session. In contrast, without focus correction, the images became blurred after only 3 h. We repeated the same experiment using a transgenic strain of S. pombe expressing tubulin-linked GFP in an EF configuration ( 
RAPID allows 3D tracking of fast-moving specimens
In the above standard AF settings, the triangulation or image contrast AF methods could also have been used with comparable performances (Supplementary Table 2 ). Therefore, we evaluated RAPID in experimental conditions in which neither of these methods could have been applied. Specifically, we imaged living C. elegans nematodes freely moving in an agarose gel plate, an essay requiring real-time focus correction (which precludes the use of image contrast methods) and containing no fiducial reflective plane (which excludes the use of triangulation approaches). When using RAPID, the worm was kept in focus in the entire area of the gel plate, even at velocities of approximately 400 µm/s, in contrast to images obtained without constant focus monitoring (Figs. 4a,b, and Supplementary Video 4). Furthermore, we were able to use the trace of the objective position required to keep the worm in focus, together with the XY position traces, to determine the 3D trajectory of the nematode (Fig. 4c) . From this trajectory, it was possible to analyze the kinematics of the worm motion in three dimensions, for instance correlating the elevation angle over the horizontal plane with the absolute speed. The data show an inverse proportionality between the two, highlighting that worm speed is strongly reduced when climbing the steepest parts of the substrate (Figs. 4d,e) .
Notably, this three-dimensional analysis of worm motion is beyond the capabilities of existing stateof-the-art AF methods. RAPID offers the possibility to study freely moving microscopic samples in realistic 3D environments, a concept hitherto outside the scope of conventional optical methods.
RAPID autofocusing in light-sheet microscopy
As a final evaluation, we tested RAPID in high-resolution LSM of cleared mouse brains. In this case, specimen-induced aberrations can introduce a misalignment between the focal plane of the detection objective and the sheet of light (which needs to be coincident), frustrating the very principle of LSM and leading to the acquisition of blurred images. In particular, in tiled imaging of large cleared specimens 12 , defocus can vary between different tiles as well as with tile depth (Supplementary Fig. 6 ), thus requiring new focus optimization for each tile and at several depths. RAPID could provide focus correction in LSM without adding extra imaging time, maintaining high image quality across the entire specimen (Fig. 5a,b) . By using automatic focus correction, we achieved statistically significant contrast enhancement across different tiles (18.5% ± 0.2%, 18000 images) and a contrast increase exceeding 50% in 4% of the images (Fig. 5c ). Contrast enhancement was also significant along a single tile (Fig. 5d ,e, Supplementary Video 5). In addition, RAPID preserved the image resolution, which can be lost without defocus correction, as demonstrated when imaging samples showing uniform labeling (Fig. 5f ). Contrast-based AF has been successfully applied to LSM with comparable results 12, 13 , but at the cost of 5% to 50% additional imaging time (Supplementary Note 4).
Discussion
Albeit automated focus stabilization is ubiquitously used in microscopy, currently used methods are limited in scope, as they are constrained to operate offline 6 or to monitor a fiducial plane possibly uncorrelated with the sample 7 . Even when both real-time and image-based operation are achieved simultaneously 9,10 , current implementations are still restricted to very specific applications. Here, we reported RAPID, a universal method for real-time image-based AF in optical microcopy. This technique employs the optical principle of phase detection, and can be operated in all wide-field microscopy settings, regardless of the kind of sample, the magnification and the numerical aperture of the system. RAPID is cost-effective, uses only off-the-shelf components and can be easily implemented by users without extensive expertise in optics. The only tuning needed is to find the image registration method that perform best with the collected data. In this respect, the experimenter can choose amongst a wealth of published algorithms and pipelines that have been developed in the last decades 11 , ensuring robust registration outcome also in extreme conditions, e.g. very low signal-tonoise or signal-to-background.
Because RAPID provides real-time readouts of the true focus state of an image, it paves the way for applications beyond the capabilities of conventional methods, e.g., 3D tracking. In this framework, RAPID could also be combined with confocal or two-photon microscopy to maintain moving specimens within the 3D field of view of these techniques without having to image a larger volume 14 .
RAPID also provides a new conceptual and practical framework to measure optical aberrations in wide-field settings. Indeed, the mutual registration of images obtained from two different pupil segments is exploited in this method to determine the lowest significant optical aberration, i.e. defocus. In principle, by splitting the pupil in more regions, the RAPID approach could be used to measure higher-order aberrations in wide-field configuration. Albeit this extension of the method is beyond the scope of this work, we anticipate that it could have a significant impact in the growing field of light-sheet microscopy, allowing real-time correction of specimen-induced aberrations and recovery of diffraction-limited performance 15 .
Finally, being completely agnostic on the illumination strategy and on the sample structure, RAPID can find application in fields other than the life sciences, like material sciences 16 , mineralogy 17 , microinspection 18 or micro-assembly 19 , where automated microscopy is commonly used for high-throughput operation. Table 3 .
Methods
RAPID implementation
Histological sample preparation
Samples of atherosclerotic human carotid and human keloid (courtesy of Dr. Cicchi, National Institute of Optics, Italy) were fixed with paraformaldehyde, cut into 5-µm slices with a microtome, stained with standard hematoxylin/eosin, and mounted in glycerol.
Yeast cultures
The strains used in this study were wild-type Saccharomyces cerevisiae (Sigma-Aldrich, St. Louis, MO) and Schizosaccharomyces pombe (that express GFP-tubulin under the nmt promoter, courtesy of Prof.
Tolić, Ruđer Bošković Institute, Croatia). The yeasts were grown in a standard liquid yeast culture medium (Yeast Peptone D-Glucose) and imaged at 37 °C using a warmed plate. To enhance the expression of GFP, 2 μM of thiamine were added to the growing medium of Schizosaccharomyces pombe.
C. elegans motion assay
Wild-type Caenorhabditis elegans (C. elegans Behavior Kit, Bio-Rad Laboratories, Hercules, CA)
were grown according to the protocol recommended by the supplier. To perform the motion assay, a few C.
elegans worms were transferred with a spatula onto a fresh agar plate and placed under the microscope. Custom , each for one day, at 37 °C while gently shaking.
For whole-brain nuclei staining, the CLARITY-processed murine samples were incubated at 37 °C for two days with a 1:50 propidium iodide (P3566, LifeTechnologies, Carlsbad, CA) solution in PBST0.1, followed by washing in a PBST0.1 solution at 37 °C for one day. Subsequently, they were optically cleared with 63% TDE/PBS before imaging with a light-sheet microscope.
Blood vessels were stained by perfusion with a fluorescent gel used 
